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We examine superconductivity in LaAlO3/SrTiO3 channels in which the channel width 
transitions from the 1D to 2D regime.  The superconducting critical current is independent 
of the channel width and increases approximately linearly with the number of parallel 
channels.  Signatures of electron pairing outside of the superconducting phase are also 
independent of channel width.  Collectively, these results indicate that electron pairing and 
superconductivity exist at the boundary of these channels and are absent within the interior 
region of the channels.  The intrinsic 1D nature of superconductivity at the LaAlO3/SrTiO3 
interface imposes strong physical constraints on possible electron pairing mechanisms. 
Strontium titanate (SrTiO3 or STO) is a superconducting semiconductor [1] whose pairing 
mechanism has remained unresolved for more than half of a century.  Its behavior is similar to that 
of high-temperature superconductors in many superficial aspects: both exhibit a dome-shaped 
superconducting transition temperature versus doping concentration [2], a low-density pseudogap 
phase [3], a small Fermi energy compared to the Debye frequency [4], and proximity to additional 
phase transitions [5,6]. that A wide range of pairing mechanisms responsible for superconductivity 
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have been considered, including longitudinal optical phonons [7-9], antiferrodistortive modes [10], 
ferroelectric modes [11], plasmons [12], plasmons with optical phonons [13], and Jahn-Teller 
bipolarons [14].  Recently, interest in the superconducting properties of STO was revived by the 
development of STO-based heterostructures, and in the LaAlO3/SrTiO3 (LAO/STO) system [15] 
in particular.  The two-dimensional interface supports superconductivity [16], and it can be 
electrostatically gated to trace out a superconducting dome [17], similar to the dome originally 
obtained through chemical doping [2].   
Further reduction in dimensionality has become possible through the use of conductive-
atomic force microscope (c-AFM) lithography [18,19], which relies on AFM tip-controlled 
protonation/deprotonation [20,21] of the LAO surface. A variety of quasi-1D and confined 
(“quasi-0D”) structures have been created, including superconducting nanowires [22], ballistic 1D 
channels [23], and single-electron transistors [24], that revealed the existence of electron pairing 
outside the superconducting state [25].  Despite all of the new information about the 
superconducting phase, the origin of the pairing “glue” remains a mystery. 
Here, we systematically investigate low-temperature transport behavior in conducting 
channels, formed at the LAO/STO interface, with widths ranging between 10 nm and 1 µm. 
LAO/STO heterostructures are grown by pulsed laser deposition with growth parameters reported 
in Ref. [21]. The thickness of LAO is fixed to 3.4 u.c., close to the metal-insulator transition [26].  
Electrical contact to the LAO/STO interface is made by Ar+ etching (25 nm) followed by sputter 
depositing Ti/Au (4 nm/25 nm). Conductive nanostructures at the LAO/STO interface are 
subsequently created using c-AFM lithography [18]. 
The first family of devices considered here (FIG. 1(a)) consists of three sections in series 
with characteristic widths w1 ~ 10 nm, w2 = 100 nm, and w3 = 1 µm. All three sections (which are 
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subsequently referred to as w1, w2, and w3 sections) have the same length L= 3 µm. The w1 section 
is created by writing a single line, while sections w2 and w3 are created by raster-scanning a 
rectangular area along the two principal axes. Conductive rectangular shapes separate the 
individual wire segments, enabling each to be monitored simultaneously and independently. 
 FIG. 1. (a) LAO/STO device (top view) consisting of three sections with widths ݓଵ ൌ 10	nm,  ݓଶ ൌ
100	nm,  and ݓଷ ൌ 1000	nm. All three sections have the same length ܮ ൌ 3	μm.  Green (red) areas depict 
conducting (insulating) regions (b) I-V curves for different channels measured at 50 mK and Vbg = -6.5 V.   
(c-e) Differential resistance (dV/dI) as a function of current and temperature.  (c) w1 device, (d) w2 device, 
and (e) w3 device.  Data taken at Vbg = -6.5 V and B=0 T.   
After c-AFM lithography, the devices are transferred into a dilution refrigerator and cooled to a 
base temperature T~50 mK. Four-terminal current-voltage (I-V) measurements for each of the 
three sections are recorded as a function of out-of-plane magnetic field (B), temperature, and back-
gate voltage (Vbg). We identify the sharp increase in differential resistance above a critical value 
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ܫ௖ with the superconducting switching current, which provides a lower bound for the actual critical 
current due to various phase-slip mechanisms [27].  The results reported here are representative of 
three nominally identical sets of devices that show qualitatively similar behavior. FIG. 1(b) shows 
the 4-terminal I-V curves for the three sections at a back-gate voltage of Vg = -6.5 V and T = 50 mK. 
While all three sections are superconducting, the critical current ܫ௖,௜  within each section is 
remarkably similar (~10 nA), i.e., independent of the channel width.  By contrast, the normal-state 
resistance (i.e., resistance under dc bias that exceeds ܫ௖,௜) decreases monotonically with increasing 
width: R1=17 kΩ for w1, R2=11.5 kΩ for w2, and R3=1.4 KΩ for w3. In particular, the resistance 
drop between w2 and w3 is nearly equal to the ratio of the widths w2/w3, indicating that the 1D-2D 
crossover takes place near 100 nm. 
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FIG. 2. Differential resistance (dV/dI), plotted as a function of current and magnetic field, for each of the 
three channels at different backgate voltages. The lower panel for each graph shows the horizontal linecuts 
at B=0 T (red) and B= 0.5 T (blue). The left panel shows the vertical linecuts at bias current I1=0 nA (red) 
and I2=14.5 nA (blue).   
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Further insight into the superconducting nature of these channels comes from examining the 
differential resistance (dV/dI), obtained from numerical differentiation of the I-V curves. FIG. 1(c-
e) shows the differential resistance of the three different sections as a function of current and 
temperature. Linecuts at fixed temperatures ( ଵܶ ൌ 50	mK, ଶܶ ൌ 475	mK) and bias currents (ܫଵ ൌ
0	nA , ܫଶ ൌ 300	nA ), indicated by arrows, are shown for each device. The superconducting 
transition temperature is about Tc ~ 300 mK for sections w1 and w2, and slightly lower (Tc ~ 
250 mK) for section w3. Notably, when T > Tc a zero bias conductance peak is observed, for both 
w1 and w2 sections (FIG. 1(c,d)). This feature is much less pronounced for the widest section, w3 
(FIG. 1(e)).  
FIG. 2 tracks the differential resistance of the three sections as a function of bias current, 
magnetic field and gate voltage. Intensity plots of dV/dI(B, I) are shown for selected values of Vbg. 
A number of observations can be made:  
(i) The superconducting upper critical field ߤ଴ܪ௖ଶ initially increases with increasing 
backgate and then decreases. This non-monotononic dependence is reminiscent of 
the superconducting dome commonly observed for this interface.  
(ii) The critical current increases monotonically when increasing the backgate 
voltages for all three sections. The critical currents for the three sections are 
strikingly similar to one another, except at the most negative backgate value.   
(iii) A zero-bias conductance dip is observed above Hc2 (e.g., FIG. 2 (a)) and is most 
pronounced at the most negative backgate voltages. The conductance dip for the 
three channel widths (FIG. 3) is nearly the same for the w1 and w2 channels, and it 
is approximately twice as large for the w3 channel. 
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(iv) The pronounced differences between the widest section, w3, and the two narrower 
sections cannot be ascribed to the writing process, since section w2 is created by 
raster-scanning and w1 is created by moving the AFM tip along a single line.  In 
other words, the fact that sections w1 and w2 behave similarly, and significantly 
different from section w3, illustrates that the pairing is influenced by the physical 
geometry rather than the method in which the conducting regions are produced. 
The results presented thus far are consistent with a scenario in which pairing and 
superconductivity exists within a quasi-1D (w~50-100 nm) portion of the channel, and in 
which pairing and superconductivity coexists with a parallel, non-superconducting (2D) 
bulk phase. The superconducting critical current density for section w3 (݆஼	~	10	nA/μm) 
is comparable to what has been reported for the bulk LAO/STO interface [16,28], while 
the critical current density of section w2 is an order of magnitude higher  . 
 
FIG. 3. The zero-bias conductance drop for the three sections.  The curves are a result of averaging over 
the range of magnetic field values B=0.23 T—0.73 T Note that the size of the zero-bias conductance dip is 
similar for sections w1 and w2, and approximately twice as large for section w3. 
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A possible explanation is that superconductivity exists only within a 1D region of the 2D 
channel, i.e., the outer edge(s).  To test the hypothesis, we investigate a second type of device, as 
shown in Fig. 5(a). The device consists of three sections in series: from left, a single w1 = 10 nm 
nanowire (“w1”), a section of five parallel nanowires of width 10 nm (“5w1”) spaced 200 nm apart, 
and a w3=1 m section (“w3”). The differential resistance dV/dI (I, Vsg) is measured for each of the 
three sections (Figs. 5 (b-d)). The critical current for the 5w1 channel is 4-5 times larger than the 
other two sections, and it exhibits a different dependence on back-gate voltage.  Meanwhile, 
channels w1 and w3 have similar superconducting critical currents; however, w3 possesses a non-
superconducting, parallel conductance that is an order-of-magnitude larger than channel w1.  This 
second class of experiments support the idea that superconductivity is associated with the channel 
boundaries, and that the interior bulk of the channels do not form a superconducting phase. 
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FIG. 4. (a) Multi-channel device consist of three sections. Left: single nanowire (w1). Middle: five 
nanowires in parallel, 200 nm apart (5w1). Right: 1 μm-wide channel (w3). All three sections have the same 
length L = 3 μm. (b) The normalized differential resistance as a function of current and the backgate voltage, 
for the single nanowire section. The differential resistance in the color scale is normalized with respect to 
the normal state value. Lower panel: linecut of the raw differential resistance for the w1 section, (c) 5w1 
section, and (d) w3 section, at backgate V = 0 V. 
 What might cause only the conducting boundaries of these channels to be 
superconducting?  One possibility is that the center of the conductive channels is overdoped, i.e., 
on the high-density side of the superconducting dome, while the surrounding area is insulating, 
i.e., underdoped.  In this scenario, a quasi-1D strip for which the doping is optimal should exist 
along each boundary (FIG. 5(a)).  This simple picture satisfactorily predicts a width-independent 
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critical current, and gives the correct scaling of parallel background conductance.  Unanswered in 
this scenario is the question of why there should be a superconducting dome in the first place.   
 
FIG. 5.  (a) Schematic depicting quasi-1D region of optimal doping near the boundary of a 2D conducting 
channel.  Dashed lines indicate lower and upper boundaries of the superconducting dome (red curve).  
Electron density profile (blue curve) traverses the entire superconducting dome, leaving a narrow region of 
critical doping.  (b) Possible ferroelastic domain structure associated with conductive channel.  Ferroelastic 
domain walls coincide with conductive boundaries.  
STO undergoes a cubic-to-tetragonal antiferrodistortive transition at TAFD = 105 K. The 
transition combines antiphase rotations of TiO6 cages with elongation of the unit call along the 
axis of the rotation. Below this transition, ferroelastic domains form with different orientations (X, 
Y, Z), separated by nanometer-scale domain walls. These domain walls can be driven by 
electrostatic gating [29], and are observed to be highly conductive [30].  Piezoelectric force 
microscopy imaging experiments on conductive LAO/STO nanostructures show that conductive 
regions formed by c-AFM lithography form Z-oriented tetragonal domains, even at room 
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temperature [31]. This domain configuration is expected to persist to low temperatures, surrounded 
by regions that have strain-compensating X or Y domains (FIG. 5(b)). Ferroelastic domain 
boundaries thus naturally coincide with the edges that separate conducting and insulating regions. 
If ferroelastic domain walls indeed bracket the edges of conducting nanostructures, one 
may naturally wonder whether they can mediate electron pairing. Ferroelastic domain walls 
possess structural, electronic, and point-defect properties that differ significantly from the uniform 
regions. The domain walls may fluctuate dynamically and couple to electronic states, yielding an 
attractive interaction. Alternatively, ferroelastic domain walls may trap high densities of oxygen 
vacancies [32] or other point defects that act as negative-U centers [33,34]. 
The presence and relevance of quasi-1D channels is not restricted to the artificially 
constructed channels created by c-AFM lithography.  A variety of spatially-resolved imaging 
techniques have revealed strongly inhomogeneous electron transport at the 2D LAO/STO 
interface, and have demonstrated that current flows preferentially along ferroelastic domain 
boundaries, affecting properties in both the normal state [30,35,36] and superconducting [37] 
regime. 
Regardless of the pairing mechanism, superconductivity in the strict 1D limit is of 
fundamental interest of its own right [27,38]. Low-dimensional superconductivity has been 
considered in several proposals to support Majorana fermions, which have not been observed in 
this system so far. 
In conclusion, we have presented evidence that electron pairing and superconductivity at 
the LAO/STO interface naturally exists within quasi-1D channels at the edge of conducting 2D 
regions.  The conclusion is supported by transport measurements for two families of devices in 
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which the size and number of nanoscale channels is systematically varied. These experimental 
results provide stringent constraints on the microscopic mechanism of electron pairing and 
superconductivity in STO.   
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